An effect of dispersoids in ¢-Sn matrix on creep properties of chip scale packages joined by Sn-xAg-0.5 mass%Cu (x = 1, 2, 3 and 4 mass%) solder alloys were investigated by stress relaxation tests performed at 298, 348 and 398 K. Creep behavior observed can be described by the power law at all temperatures tested, and solders with higher silver contents had better creep properties. It is considered that lattice diffusion of ¢-Sn affected the creep deformation of the solders because activation energy of the observed creep properties was about 100 kJ/mol, which is close to that for lattice diffusion of ¢-Sn. Stress exponents estimated from Norton's law were larger than seven for all the solders tested, and the solders which showed better creep properties had more submicron-size dispersoids. Therefore, submicron-size dispersoids are considered to be useful to strengthen the ¢-Sn matrix and increase the creep properties of the solders tested.
Introduction
Because electronic devices are becoming smaller, joining areas for these devices are also decreasing. Generally, solder spheres for the use of outer joining of chip scale package (CSP) devices are required to have higher thermal fatigue properties. 1) However, using smaller solder spheres according to a decrease of joining areas tends to shorten thermal fatigue lives of the solders since shorter bump height increases an amount of shear strain. Even though Sn-3 mass%Ag-0.5 mass%Cu or Sn-4 mass%Ag-0.5 mass%Cu solders are widely used for microjoining of electronic devices nowadays, 24) it is important to find out new solder compositions which can maintain good thermal fatigue properties even under smaller joining areas.
In order to improve thermal fatigue properties, creep properties should be deeply understood because fatigue cracks which propagate during thermal fatigue tests are reported to be correlated to boundary fractures due to creep of solders. 57) Although it is well known that morphology of Sn-Ag-Cu solders consists of ¢-Sn with Ag 3 Sn and Cu 6 Sn 5 dispersoids 8) and an effect of silver content on creep properties for large size Sn-1 mass%Ag-Cu and Sn-4 mass%Ag-0.5 mass%Cu solders are reported, 9) creep properties of Sn-Ag-Cu solders with different silver contents are not fully understood from the viewpoint of dispersoid size in the literature.
Since Sn-based solder spheres show crystallographic anisotropy, 1012) mechanical properties of the solders differ by their crystal orientation. In order to eliminate an effect of the anisotropy mentioned above, and to obtain creep properties of real electronic devices, CSP devices joined by an amount of 180 solder spheres were used as specimens in this work.
In this paper, therefore, an effect of dispersoids in ¢-Sn matrix on creep properties of chip scale packages joined by Sn-xAg-Cu (x = 1, 2, 3 and 4 mass%, namely, so-called SAC105, SAC205, SAC305 and SAC405, respectively) solder alloys were investigated, and dispersoid diameter and spacing which are useful to improve creep properties are also discussed.
Experimental Procedure
Wafer level chip scale packages (WLP) consisted of Si chips (10 mm by 10 mm) with a copper post on each pad (about 100 µm in post height) were prepared. A ball arrangement of the WLP was 324 pins with 500 µm in copper-post pitch. Printed circuit boards (PCBs) which consist of FR-4 substrates with copper lands were 0.7 mm in thickness. An amount of 180 solder spheres with an initial diameter of 300 µm, which consist of Sn-x mass%Ag-0.5 mass%Cu (x = 1, 2, 3 and 4), were utilized to joint each WLP to the substrate without underfill. A reflow treatment was carried out in a N 2 atmosphere with a peak temperature of 518 K using rosin mildly activated (RMA) type flux. Figure 1 shows (a) an appearance and (b) a schematic illustration of a specimen. In order to do a stress relaxation tests along a longitudinal direction of a PCB, a pair of half size PCBs were utilized to settle a slit of 1 mm in width between the PCBs as shown in Fig. 1 .
Since it is reported in the literature that the Sn-Ag-Cu solders consist of ¢-Sn matrix with Ag 3 Sn and Cu 6 Sn 5 dispersoids, 8) some of the specimens were annealed after reflow treatment for 1.8 Ms at 398 K for comparison in order to coarsen the dispersoids and evaluate their effect on creep properties. Because lots of thermal cycle conditions are allowed under JEDEC regulation, 13) the exposure time at annealing in the present paper was determined in order to obtain an intermediate total dwell time (1.8 Ms) spent at the high temperature soak period (398 K) after 1000 thermal cycles under the Test Condition-G in the JEDEC regulation 13) (Frequency per cycle: 5400 s in an average, Temperature: between 233 and 398 K) and the preferred ramp rate of 10 to 14 K/min. 13) (i.e. Ramp time: about 850 s in an average to increase or decrease temperature for 165 K); namely, 1000 Â ð5400 À 850 À 850Þ=2 ; 1:8 Ms:
Solder joints were polished by three kinds of SiC papers (Number: 120, 600 and 1200) and by three grades of diamond pastes (6, 3 and 1 µm). Microstructures of eight bumps were observed using optical and scanning electron microscopy (SEM).
In order to evaluate both the number and size of dispersoids in the solders, SEM observation was also carried out at the center area of each bump. An area of 100 µm © 100 µm square was selected for each solder, and the picture was binarized as dispersoids and background after an outline was described for each identified dispersoid. Then, an area of each dispersoid was estimated by counting the number of pixels of the binarized area, and a size of each dispersoid was determined as its diameter by assuming the dispersoid was a circle. A dispersoid spacing was calculated as an average distance between the nearest neighbored dispersoids using the binarized picture mentioned above.
A micro mechanical testing machine (Saginomiya LMH 207-10) was used to evaluate the creep properties of the solders. A shear displacement was applied to a specimen with a strain rate of 1 © 10 ¹2 up to 60 µm at 398 K, and the displacement was hold for 600 s. After finishing the measurement, the same procedure mentioned above was conducted at 348 K as well. Finally, a room temperature measurement was also performed under the same procedure. Figure 2 shows the relationship between the load and the time during stress relaxation tests performed at 298 K for asprepared Sn-xAg-0.5%Cu (x = 1, 2, 3 and 4%). As seen from the figure, load dropped with increasing time while keeping constant displacement, which is caused by stress relaxation due to creep behavior of the solders. Figure 3 shows the steady-state strain rate as a function of stress for (a) as-prepared Sn-xAg-0.5%Cu (x = 1, 2, 3 and 4%) and (b) those after annealing for 1.8 Ms at 398 K evaluated at 298, 348 and 398 K. At all temperatures, the relationship can be plotted as a single straight line for each solder tested. Namely, creep behavior observed can be described by Norton's power law:
Results and Discussions
where _ ¾ is the strain rate, A is material constant, · is the stress and n is the stress exponent. It is well known that the stress relaxation segment consists of the primary and the secondary segments, which correlate to the transient and the steady-state creeps, respectively. 14) Because steady-state creep obeys Norton's law, stress relaxation behavior shown in the present results is treated as secondary creep in this paper. As shown in Fig. 3 , annealing after reflow or measurements at higher temperatures increased strain rates for all specimens tested. Moreover, strain rates for solders with higher silver content (2, 3 and 4%Ag) were lower than those with lower silver (1%Ag), which means higher silver contents had better creep properties. Figure 4 shows typical cross sectional views of as-prepared (a) Sn-1Ag-0.5Cu and (b) Sn-3Ag-0.5Cu after stress relaxation tests. After the test, grain boundary fracture can be seen from five bumps out of eight for 1%Ag, while it cannot be observed from any bumps of 2, 3 and 4%Ag (eight bumps per solder were observed in total as mentioned in section 2). The results suggest that higher silver contents had better creep properties. In order to evaluate both strengthening mechanism of the solders and activation energy of their creep behavior, Fig. 3 was re-plotted using eq. (3) which includes Zener-Hollomon parameter (Z-parameter), _ ¾ expðQ=RT Þ:
where _ ¾ is the strain rate, Q is the activation energy, R is the gas constant, T is the temperature, A 1 is material constant, · is the stress and n is the stress exponent. Figure 5 shows the relationship between Z-parameter and stress for (a) asprepared Sn-xAg-0.5%Cu (x = 1, 2, 3 and 4%) and (b) those after annealing for 1.8 Ms at 398 K. Activation energies were obtained by the best fit method, and eq. (3) gave a good fit through three test temperatures for all the solders tested by including the Arrhenius term as seen from the figure. Furthermore, Z-parameters for as-prepared solders with higher silver content (2, 3 and 4%Ag) were almost similar, and their slopes were larger than that with lower silver (1%Ag). On the contrary, the difference of Z-parameters due to silver contents among the solders became smaller after annealing, and their slopes also became similar (Fig. 5(b) ). Table 1 displays the stress exponent, n, and the activation energy, Q, for the alloys tested estimated from the eq. (3). Because the values of the stress exponents were larger than seven for all the solders tested, it is considered that solders were strengthened by dispersoids in ¢-Sn matrix. Figure 6 shows SEM micrographs before the stress relaxation test for (a) as-prepared Sn-xAg-0.5%Cu (x = 1, 2, 3 and 4%) and (b) those after annealing for 1.8 Ms at 398 K. As reported in the literature, these dispersoids were mainly fine Ag 3 Sn and coarse Cu 6 Sn 5 . 8) As seen from Fig. 6(a) , asprepared solders with higher silver content (2, 3 and 4%Ag) had network-like morphologies, while 1%Ag had smaller number of dispersoids and couldn't show networks. These results correspond to those reported in the literature. 16, 17) After the solders were annealed, dispersoids coarsened, and the number of dispersoids decreased (Fig. 6(b) ). Figure 7 shows the relationship between the number and the size of dispersoids in the (a) as-prepared Sn-xAg-0.5%Cu (x = 1, 2, 3 and 4%) solders and (b) in those after annealing for 1.8 Ms at 398 K. Although it is expected that higher silver content should create more dispersoids in Sn matrix, only a slight difference can be seen among 2, 3 and 4%Ag solders especially for as-prepared ones. Kariya et al. have reported the microstructure of as-prepared Sn-xAg-0.5%Cu (x = 1, 2, 3 and 4%) solders; intermetallics of 4%Ag solder appears dense within the matrix as compared with others, 17) but not only 3%Ag but also 2%Ag have fine intermetallics. 17) Namely, microstructural difference among 2, 3 and 4%Ag is small, which corresponds to the present results mentioned above. Although there were only a slight difference in the number of dispersoids among 2, 3 and 4%Ag solders, the solders which showed better creep properties in Fig. 3 (namely, 2, 3 and 4%Ag) tend to have more submicron-size dispersoids (i.e. less than 1 µm) than 1%Ag as seen from Fig. 7 . In the literature, it is not yet clarified whether dispersion hardening mechanism of Sn-Ag-Cu solders are governed by Orowan 18) or Srolovitz 19) mechanisms, but it is reported that the stress exponent, n, of this solder alloy system is dominated by the distance between intermetallic dispersoids. 14) Figure 8 shows relationship between dispersoid spacing and silver content for the as-prepared Sn-xAg-0.5%Cu (x = 1, 2, 3 and 4%) solders and for those after annealing for 1.8 Ms at 398 K. Although it is also expected that higher silver content should decrease dispersoid spacing, only a slight difference can be seen among 2, 3 and 4%Ag solders. In the present paper, the dispersoid spacing was estimated as an average distance between the nearest neighbored dispersoids, even though all of the 2, 3 and 4%Ag solders had network-like morphology. Therefore, the dispersoid spacing for the 2, 3 and 4%Ag solders in the present results only reflect the spacing of dispersoids inside of each network, and density of network cannot be considered in Fig. 8 . This may well be the reason why a slight difference in dispersoid spacing can only be seen among 2, 3 and 4%Ag solders in the present results. Although there were only a slight difference in the dispersoid spacing among 2, 3 and 4%Ag solders, the solders which showed better creep properties in Fig. 3 (namely, 2, 3 and 4%Ag) had smaller dispersoid spacing than 1%Ag. It is considered, therefore, that those submicron-size dispersoids are useful to decrease dispersoid spacing and strengthen the ¢-Sn matrix, which improve creep properties of the solders. Figure 9 displays polarized dark-field images of the solders before the stress relaxation test for (a) as-prepared Sn-xAg-0.5%Cu (x = 1, 2, 3 and 4%) and (b) those after annealing for 1.8 Ms at 398 K. As seen from the figure, ¢-Sn matrix consisted of only one or several grains for each solder tested. Moreover, the activation energies of the creep behavior were 90100 kJ/mol as shown in Table 1 , and these values are close to the activation energy for the lattice diffusion of ¢-Sn (approximately 110 kJ/mol). 20, 21) Kariya and his co-workers have reported the same creep deformation mechanism of Sn-3Ag-0.5Cu solder by using a single bump evaluation 14) and eutectic Sn-Ag solder bulk specimens. 22) From the present results, it is considered that the creep deformation mechanism of Sn-xAg-0.5%Cu (x = 1, 2, 3 and 4 mass%) solder observed in the present results were high temperature power law creep dominated by lattice diffusion of ¢-Sn not only when x = 3 as reported in the literature 14) but also when x = 1, 2 and 4 mass%. Because a dislocation movement affects power law creep, submicron-size dispersoids which strengthen the ¢-Sn matrix are useful to improve creep properties of the solders.
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Conclusions
In this paper, an effect of dispersoids in ¢-Sn matrix on creep properties of chip scale packages joined by Sn-xAg-0.5 mass%Cu (x = 1, 2, 3 and 4 mass%) solder alloys were investigated by stress relaxation tests performed at 298, 348 and 398 K. Creep behavior observed can be described by the power law at all temperatures tested, and solders with higher silver contents had better creep properties. However, annealing after reflow or measurements at higher temperatures increased strain rates for all specimens tested.
It is considered that lattice diffusion of ¢-Sn affected the creep deformation of the solders because activation energy of the observed creep properties was about 100 kJ/mol, which is close to that for lattice diffusion of ¢-Sn.
Stress exponents estimated from Norton's law were larger than seven for all the solders tested, and the solders which showed better creep properties had more submicron-size dispersoids. Because a dislocation movement affects power law creep, submicron-size dispersoids which decrease dispersoid spacing and strengthen the ¢-Sn matrix are useful to improve creep properties of the solders. 
